Abstract Aimed at reducing deficiencies in representing the Madden-Julian oscillation (MJO) in general circulation models (GCMs), a global model evaluation project on vertical structure and physical processes of the MJO was coordinated. In this paper, results from the climate simulation component of this project are reported. It is shown that the MJO remains a great challenge in these latest generation GCMs. The systematic eastward propagation of the MJO is only well simulated in about one fourth of the total participating models. The observed vertical westward tilt with altitude of the MJO is well simulated in good MJO models but not in the poor ones. Damped Kelvin wave responses to the east of convection in the lower troposphere could be responsible for the missing MJO preconditioning process in these poor MJO models. Several process-oriented diagnostics were conducted to discriminate key processes for realistic MJO simulations. While large-scale rainfall partition and low-level mean zonal winds over the Indo-Pacific in a model are not found to be closely associated with its MJO skill, two metrics, including the low-level relative humidity difference between high-and low-rain events and seasonal mean gross moist stability, exhibit statistically significant correlations with the MJO performance. It is further indicated that increased cloud-radiative feedback tends to be associated with reduced amplitude of intraseasonal variability, which is incompatible with the radiative instability theory previously proposed for the MJO. Results in this study confirm that inclusion of air-sea interaction can lead to significant improvement in simulating the MJO.
(see reviews by Lau and Waliser [2012] , Zhang [2013] , and Serra et al. [2014] ). The MJO exerts pronounced modulations on global climate and weather, including monsoons [e.g., Yasunari, 1979 Yasunari, , 1980 Lau and Chan, 1986; Sperber et al., 2000; Annamalai and Sperber, 2005; Lorenz and Hartmann, 2006; Wheeler et al., 2009; Sultan et al., 2003] , tropical cyclone activity [e.g., Nakazawa, 1988; Liebmann et al., 1994; Maloney and Hartmann, 2000; Bessafi and Wheeler, 2006; Klotzbach, 2010; Jiang et al., 2012] , tropical convectively coupled waves [Kiladis et al., 2009; Serra et al., 2014] , and diurnal convective events [Rauniyar and Walsh, 2011; Oh et al., 2012; Virts et al., 2013] . In addition to the tropics, widespread influences by the MJO have also been detected over extratropical regions through emanation of Rossby waves (e.g., Vecchi and Bond [2004] , Cassou [2008] , L'Heureux and Higgins [2008] , Lin et al. [2009] , Guan et al. [2012] , Seo and Son [2012] , and many others). On the other hand, the collective influence of surface winds associated with the MJO may trigger or terminate El Niño/Southern Oscillation events [e.g., Takayabu et al., 1999; McPhaden, 1999; Kessler and Kleeman, 2000; Hendon et al., 2007] . In light of its prominent role in bridging weather and climate, the quasi-periodically occurring MJO on intraseasonal time scales represents one of the primary predictability sources for extended-range weather prediction [e.g., Gottschalck et al., 2010 ; National Academy of Sciences, 2010] , filling a gap between deterministic weather forecast and climate prediction. This also provides a critical basis for the recently advocated "seamless prediction" concept [Hurrell et al., 2009; Brown et al., 2012] .
While great progress has been achieved in the development of general circulation models (GCMs) in recent decades, the MJO, however, still remains poorly represented in these state-of-the-art GCMs, even in their latest versions [e.g., Kim et al., 2009; Hung et al., 2013] . Meanwhile, our predictive skill for the MJO remains limited, with a typical scale of 2-3 weeks [Seo et al., 2009; Vitart and Molteni, 2010; Rashid et al., 2011; Wang et al., 2013; Neena et al., 2014] , in contrast to its intrinsic predictability of about 4-5 weeks [Waliser et al., 2003; Ding et al., 2010; Neena et al., 2014] . As GCMs are essential tools for projection of future climate changes, large model deficiencies in depicting this fundamental form of atmospheric variability leave us greatly disadvantaged in undertaking climate change studies, particularly in projecting future activities of extreme events that are significantly modulated by the MJO.
The great challenges in simulating and predicting the MJO that we are facing indicate that our knowledge of the fundamental physics of the MJO is still elusive. In interpreting instability and eastward propagation of the observed MJO, existing MJO theories have been largely built upon the observed vertical tilting structures in moisture and diabatic heating fields associated with the MJO. Enhanced lower tropospheric moisture anomalies were observed to first appear at the eastern edge of the MJO convection [e.g., Kemball-Cook and Weare, 2001; Sperber, 2003; Kiladis et al., 2005; Tian et al., 2010] , coupled with planetary boundary layer (PBL) convergence [Sperber, 2003; Kiladis et al., 2005] , and shallow heating structure [e.g., Kiladis et al., 2005] along with shallow cumuli/congestus clouds [Johnson et al., 1999; Kikuchi and Takayabu, 2004; Chen and Del Genio, 2009; Tromeur and Rossow, 2010] . This coupling between shallow convection and circulation in the PBL is considered a key preconditioning process in driving the eastward movement of the MJO, which has also been supported by GCM studies [e.g., Zhang and Mu, 2005a; Benedict and Randall, 2009; Li et al., 2009; Zhang and Song, 2009; Cai et al., 2013; Lappen and Schumacher, 2014] . Different physical processes have been ascribed to this MJO preconditioning process, including through ocean surface flux [Emanuel, 1987; Maloney and Sobel, 2004; Sobel et al., 2010] , PBL convergence or vertical motion through a "Frictional CISK (Convective Instability of the Second Kind)" [Salby et al., 1994; Wang and Li, 1994; Maloney and Hartmann, 1998; Hsu and Li, 2012] , moisture transport [e.g., Maloney, 2009; Maloney et al., 2010; Andersen and Kuang, 2012; Hsu and Li, 2012] , cloud water detrainment/evaporation from shallow cumuli/congestus clouds [Johnson et al., 1999; Ruppert and Johnson, 2014] , and air-sea interaction [Waliser et al., 1999; Kemball-Cook and Wang, 2001; Sperber et al., 2005; Klingaman and Woolnough, 2014; DeMott et al., 2014] .
In addition to the interaction between shallow convection and circulation, other theoretical and modeling work also emphasized the role of stratiform heating in destabilizing the MJO deep convection. The positive covariance between the second baroclinic modes of heating and temperature anomalies could
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lead to the generation of eddy available potential energy (EAPE), and thus amplify the MJO disturbance [e.g., Fu and Wang, 2009; Seo and Wang, 2010; Holloway et al., 2013] , similar to the "stratiform-instability" concept proposed for convectively coupled equatorial waves (CCEWs) [Mapes, 2000; Khouider and Majda, 2006; Majda and Biello, 2004; Kuang, 2008] . On the other hand, reduced longwave radiative cooling during enhanced MJO convection, evident in recent satellite estimates Ma and Kuang, 2011] , could also play a critical role for growth of the MJO ("radiative instability") [Raymond, 2001; Lee et al., 2001; Sobel and Gildor, 2003; Bony and Emanuel, 2005; Lin et al., 2007; Andersen and Kuang, 2012] .
While different heating components have been emphasized in the above MJO theories, recent observational studies, however, are not consistent in their findings regarding the vertical heating structure of the MJO. The transition from a shallow heating, to deep, and then to top-heavy stratiform heating structure during the MJO evolution, has been reported based on field campaign observations Kiladis et al., 2005] and recent reanalysis data sets Ling and Zhang, 2011] . This vertical tilt in MJO heating, however, was not clearly evident in sounding observations during the Mirai Indian Ocean Cruise for the Study of the MJO Convection Onset field experiment [Katsumata et al., 2009] or in estimates based on TRMM (Tropical Rainfall Measuring Mission) and the International Satellite Cloud Climatology Project, particularly over the Indian Ocean [Morita et al., 2006; Jiang et al., 2009; Zhang et al., 2010; Ling and Zhang, 2011; Jiang et al., 2011; Stachnik et al., 2013] . While the controversy in MJO vertical structure could arise in part from the sampling of MJO events, location of the observations (Indian Ocean versus western Pacific), or deficiencies in satellite-based heating estimates [e.g., Berg et al., 2010; Jiang et al., 2011] , it necessitates further investigations on the key vertical structure and associated processes of the MJO.
Most recently, there have been interesting developments in understanding the essence of the MJO, including a school of thought that regards the MJO as a "moisture mode" [Raymond, 2001; Sugiyama, 2009; Sobel and Maloney, 2012; Sobel and Maloney, 2013] . The critical basis for this hypothesis is that under the weak temperature gradient approximation, as for the Indo-Pacific region where the MJO exhibits the strongest amplitude, the fundamental dynamics of the dominant mode are controlled by processes associated with tropospheric moisture, rather than wave dynamics [Sobel et al., 2001; Raymond, 2001] . This moisture mode theory predicts that convective activity exhibits great sensitivity to atmospheric moisture, which is supported by observations [Bretherton et al., 2004; Peters and Neelin, 2006; Holloway and Neelin, 2009; Thayer-Calder and Randall, 2009; Sahany et al., 2012] . Meanwhile, modeling studies have demonstrated that increasing the constraints on convection by column moisture can indeed lead to the improvement of MJO simulations [Tokioka et al., 1988; Bechtold et al., 2008; Zhu et al., 2009; Chikira and Sugiyama, 2010; Hannah and Maloney, 2011; Hagos et al., 2011; Kim et al., 2012] . Motivated by these observational and modeling studies, metrics measuring convection-moisture sensitivity have been recently explored to discriminate key processes for good and poor MJO simulations across multiple GCMs [Kim et al., 2014b ; Maloney et al., 2014] . Results have suggested that models that exhibit larger contrast in lower tropospheric humidity between heavy and light rain events tend to produce better MJO simulations.
To identify essential processes responsible for destabilization and propagation of the MJO, various moist static energy (MSE) sources and sinks have been examined in depth [e.g., Maloney, 2009; Maloney et al., 2010; Andersen and Kuang, 2012; Hsu and Li, 2012; Cai et al., 2013; Wu and Deng, 2013] . In order to depict the efficiency with which convection and associated divergent circulations discharge moisture in the atmosphere column, the original concept of "gross moist stability (GMS)" was developed by , which was defined as net vertical MSE export per unit vertical mass flux. The GMS was further generalized to also include the effects of horizontal advection . Based on the moisture mode theory, the circulation induced by the MJO convection must act to further moisten the atmosphere. For such moistening to occur, a negative value of the GMS, or effective GMS if combined with effects from external forcing including surface heat fluxes and radiative heating, is needed to maintain an unstable mode Sobel and Maloney, 2013] . Improved simulations of the MJO or boreal summer intraseasonal variability over the eastern Pacific associated with lower GMS have been demonstrated in recent GCM studies [Hannah and Maloney, 2011; Benedict et al., 2014; Pritchard and Bretherton, 2014; Maloney et al., 2014] .
In light of the essential role of diabatic heating and related moist processes in MJO physics, and a goal toward improvement of model capabilities in representing the MJO, it is of great interest to comprehensively Journal of Geophysical Research: Atmospheres 10.1002/2014JD022375 characterize vertical structure of diabatic processes associated with the MJO and explore how their structures and fidelity relate to the models' MJO representation and forecast skill. With this in mind, the MJO Task Force (MJOTF), under the auspices of YOTC (the "Year" of Tropical Convection) , and the GEWEX Atmospheric System Study (GASS) developed a modeling experiment to help address the above objectives [Petch et al., 2011] . (Note that the MJOTF was recently reformulated and now is under the auspices of the Working Group on Numerical Experimentation, WGNE).
In this manuscript, details of this MJOTF/GASS MJO model evaluation project will be introduced. Results obtained from this project will be reported with a particular focus on the climate simulation component. The outline of this paper is as follows. In section 2, details of the project, including experiment designs of the three components, will be introduced. Additionally, participating models for the climate simulation component, as well as the observational data sets to be analyzed for this study, will also be briefly described in this section. Evaluation of the general performances in representing the MJO in participating model simulations will be given in section 3. In section 4, several process-oriented metrics will be explored. Composite vertical structures associated with the MJO in models with good and poor MJO will be further illustrated in section 5. A summary and a discussion are presented in section 6.
2. Experiment Design, Participating Models, and Observational Data Sets
Experiment Design of the MJOTF/GASS Global MJO Model Comparison Project
The MJOTF/GASS MJO global model comparison project consists of three experimental components, including (a) a 20 year climate simulation, (b) a 2 day hindcast, and (c) a 20 day hindcast component. The design of these three components was mainly motivated by the known links between model biases in long-term climate simulations and short-range forecasts [Phillips et al., 2004] . Clues on the key deficiencies in representing the MJO in a climate model could be gained by examining the processes based on short-term forecasts of the same model [e.g., Boyle et al., 2008; Xie et al., 2012; Ma et al., 2013] . While details of and results from the two hindcast components will be covered in two companion papers: [Xavier et al., 2015] for the 2 day hindcast component and [Klingaman et al., 2015a] for the 20 day hindcast component, in this study we mainly focus on the 20 year climate simulation component of this project.
For the 20 year climate simulation component, participating models, either with an atmospheric-only GCM (AGCM) or an atmosphere-ocean coupled system or both, were integrated for 20 years. For AGCM runs, weekly sea surface temperatures (SST) and sea ice concentrations based on the NOAA Optimum Interpolation V2 product [Reynolds et al., 2002] for the 20 year period of 1991-2010 were specified as the model lower boundary conditions. Output from all the participating GCMs was archived at every 6 h on standard horizontal (2.5°× 2.5°) grids and 22 vertical pressure levels. This component aims to characterize the capability of a model in representing the intrinsic MJO variability and to explore key processes responsible for a high-quality representation of the MJO.
Output from all models includes 3-D variables such as winds (u, v) , temperature (T), specific (q) and relative humidity, and also 2-D variables including rainfall and surface flux terms etc., as well as budget terms of u, v, T, and q, which provide an excellent opportunity to characterize detailed source and sink processes of moisture, heat, and momentum associated with the MJO. For more details about this project and a complete list of variables archived from participating GCMs in the three components, readers are referred to the project website: http://www.ucar.edu/yotc/mjodiab.html.
Participating Models in the 20 Year Climate Simulation Component
A list of models participating in the 20 year climate simulation component, along with horizontal and vertical resolutions used in each model, is given in Table 1 . For detailed documentation of physical parameterization schemes adopted in these models, please refer to corresponding references. There are 27 simulations from 24 GCMs in this component. A majority of these models are based on a conventional parameterization approach in depicting cumulus processes except two experiments, SPCCSM3 and SPCAM3. These experiments were based on the National Center for Atmospheric Research (NCAR) Community Atmosphere Model (CAM) with the "superparameterization" technique, in which a 2-D cloud-resolving model is embedded within each grid box of the host model to replace the conventional cumulus parameterizations [Randall et al., 2003] . While SPCAM3 is an atmospheric-only version of the superparameterized model built on the version 3 of the CAM (CAM3) [Khairoutdinov et al., 2008] , SPCCSM3 is a coupled run based on the same AGCM [Stan et al., 2010] . It has been reported that much improved MJO simulations can be achieved in these superparameterized GCMs [e.g., Benedict and Randall, 2007; Stan et al., 2010; DeMott et al., 2011] . While most of the contributions to the climate simulation component were conducted with an AGCM configuration, there are five other coupled GCM (CGCM) runs in addition to the SPCCSM3 (denoted by an asterisk by the model name in Table 1 ). Also noteworthy is that three simulations were conducted based on the CNRM GCM, including an AGCM integration forced by the observed weekly SST and sea ice (CNRM-AM), a CGCM run (CNRM-CM), and a third experiment in which the AGCM was forced by the monthly mean SST and sea ice output from the coupled run (CNRM-ACM). Since the atmospheric model used for these three integrations was the same, these experiments provide an excellent opportunity to explore how interactive processes at the atmosphere and ocean interface can improve MJO simulations.
In addition to the SPCCSM3 and SPCAM3 mentioned above, there are several other simulations based on different versions and/or modifications of the NCAR CAM model, including NCAR CAM5 (v5), UCSD-CAM3 (v3), TAMU-CAM4 (v4), ISUGCM (v3), and CAM5-ZM (v5). Particularly noteworthy is the TAMU-CAM4, in which the "observed" latent heating structure for the MJO based on TRMM estimates was used to constrain both the horizontal and vertical distribution of model heating throughout the tropics [Lappen and Schumacher, 2012] . It was found that the model MJO is significantly improved over the original CAM after applying this technique, which is also to be illustrated in the following analyses, further suggesting the critical role of the vertical heating structure for realistic simulations of the MJO. The NAVGEM version 1.0 model used here, for which there is no published reference, differs from NAVGEM 1.1 [Hogan et al., 2014] in that it lacks prognostic cloud water and that it uses the radiation scheme of Harshvardhan et al. [1987] .
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Observational Data Set
The primary observational data sets used for this analysis include TRMM-based rainfall observations (version 3B42 v7) [Huffman et al., 1995] and the European Center for Medium-Range Weather Forecasting (ECMWF) ERA-Interim reanalysis [Dee et al., 2011] for the period of 1998-2012. TRMM 3B42 rainfall is a global precipitation product based on multisatellite and rain gauge analysis. It provides precipitation estimates with 3-hourly temporal resolution on a 0.25°spatial resolution in a global belt extending from 50°S to 50°N. With a horizontal resolution of 1.5°× 1.5°, the ERA-Interim reanalysis provides daily 3-D profiles of temperature, specific and relative humidity, u and v winds, and pressure vertical velocity. Both the raw TRMM rainfall and ERA-Interim reanalysis data are interpolated onto the same grids as the GCM output, i.e., 2.5°× 2.5°at 22 standard vertical pressure levels.
Evaluation of MJO Simulated in GCMs
In this study, we mainly focus our analyses on the MJO during the boreal winter season from November to April, when it is largely characterized by the eastward propagation along the equator. Documentation of seasonal variations of the MJO, particularly details on representation of the meridional propagating mode associated with the Asian summer monsoon variability in these models will be reported separately. If not otherwise specifically defined, hereafter, the winter season refers to the period from November to April. Before we go into an in-depth evaluation of the modeled MJO performances, the models' representation of the winter mean rainfall is first examined to explore possible links between a model's capability in simulating the mean state and the MJO as previously reported [e.g., Zhang et al., 2006; Kim et al., 2009] . Sensitivity tests show that mean or variability statistics will not greatly change due to the difference in the data period from 15 to 20 years. The observed winter mean rainfall pattern, including the elongated rain belt along the Intertropical Convergence Zone near 10°N and the South Pacific Convergence Zone (SPCZ) over the western Pacific, as well as rain associated with the convergence zone over the central and eastern equatorial Indian Ocean, is reasonably represented in most of these models. A common positive rainfall bias over the southwest Indian Ocean, as has been widely reported and ascribed to the model excessive response to the local meridional SST gradient [e.g., Bollasina and Ming, 2013] , is still present in most of these GCM simulations. The mean rainfall over the SPCZ region is greatly overestimated in several GCMs, including BCC-AGCM2.1, ECHAM5-SIT, and UCSD-CAM3.
Figure 2 displays the standard deviation (SD) of 20-100 day band-pass filtered rainfall during boreal winter for both TRMM and GCM simulations, which depicts the amplitude of the intraseasonal variability (ISV) in general. While the ISV amplitude is greatly exaggerated in many GCMs, particularly in BCC-AGCM2.1, CFS2, CWB-GFS, GISS-E2, MRI-AGCM3, and UCSD-CAM3, it is greatly underestimated in many other models, such as CAM5, CAM5-ZM, CanCM4, CNRM-ACM, ECEarth3, and NavGEM1. A close association between the mean rainfall and SD patterns is also noted. Those aforementioned models which exhibit excessive rainfall over the southwest Indian Ocean also largely show stronger rainfall SD over this region. Also, those models that show large mean rainfall biases over the SPCZ also show generally too strong ISV amplitudes. The close association between mean and SD patterns of rainfall in a GCM is further evident by a high correlation of 0.75 between skill for the mean versus SD patterns across the 27 model simulations (not shown).
(A correlation coefficient of 0.32 is significant at the 95% level based on a one-tailed Student's t test if the 27 individual GCM simulations are independently treated.) Skill in the mean (SD) pattern for a particular model is derived by the pattern correlation between the simulated and observed mean (SD) pattern over the Indo-Pacific domain (60°E-180°; 15°S-15°N).
In the following, two approaches are employed based on rainfall fields to objectively quantify how the observed eastward propagation of the MJO is represented in each model. The first approach is based on a lag-regression method. Before calculation of the regression patterns, daily rainfall during multiyear periods from both TRMM and GCM simulations is subject to removal of the climatological annual cycle (annual mean plus three leading harmonics), and then a 20-100 day band-pass filtering. Spatial distributions of Journal of Geophysical Research: Atmospheres 
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regression coefficients based on filtered rainfall are calculated against rainfall anomalies averaged over an Indian Ocean (75-85°E; 5°S-5°N) and a western Pacific (130-150°E; 5°S-5°N) box, respectively, at time lags from day À20 to day 20 with an interval of 1 day. Note that only rainfall data during winter season were used for the lag-regression calculation, and amplitudes in regressed rainfall patterns were determined corresponding to one SD of band-pass-filtered rainfall over these two regions. . Most models participating in this project simulate a stationary or even westward propagating ISV mode over the Indian Ocean. The observed eastward propagating rainfall signals are only reasonably simulated in a limited number of GCMs, including CNRM-CM, ECHAM5-SIT, GISS-E2, MRI-AGCM3, PNU-CFS, SPCCSM3, and TAMU-CAM4. Weaker eastward propagating signals can also be seen in ECHAM6 and SPCAM3, noted by a jump of convection over the Maritime Continent. Moreover, a slower than observed eastward propagation speed is evident in ECHAM5-SIT, MRI-AGCM3, and PNU-CFS. As previously mentioned and reported in Lappen and Schumacher [2012] , by empirically incorporating the observed heating structure into the CAM4 model, the eastward propagation of the MJO is realistically captured in the TAMU-CAM4. Additionally, associated with enhanced convection over the Indian Ocean at day 0, suppressed convection anomalies are also evident over the western Pacific in most of these several models that capture more realistic eastward propagation, in agreement with findings by Kim et al. [2014a] that suppressed convection over the western Pacific could contribute to the eastward propagation of the MJO over the Indian Ocean.
Particularly noteworthy is that while the eastward propagation is poorly captured in the atmospheric-only version of the CNRM GCM (CNRM-AM), it is significantly improved in the coupled version of this model (CNRM-CM). As shown in Figure 3 , the CNRM-CM is among one of the top models in capturing the eastward propagation of the MJO. The significant improvement in simulating the MJO by including the coupling strongly suggests the crucial role of the air-sea interaction for the MJO based on this model. The additional run of CNRM-ACM, which is an AGCM integration but forced by the monthly SST and sea ice generated from CNRM-CM, still produces weak eastward propagation. This result suggests that improvement of the MJO in the CNRM-CM run is achieved largely through the interactive processes at the atmosphere and ocean interface, rather than an indirect influence through change in the mean state due to inclusion of the air-sea coupling. Details on the key processes for the improvement of MJO simulations by the air-sea interaction in CNRM-CM are still under investigation, which are expected to provide critical insight into key processes for the MJO.
Similar Hovmöller diagrams of rainfall anomalies as in Figure 3 but based on lag regression against the western Pacific base point are illustrated in Figure 4 . In general, most of the models that capture relatively strong eastward propagation over the Indian Ocean as shown in Figure 3 also reasonably well capture the eastward propagation over the western Pacific. While the eastward propagation is well captured over the Indian Ocean in MRI-AGCM3 and SPCCSM3, the propagation across the Maritime Continent is not well resolved in these two models (Figure 4 ), which may suggest that many ISV events over the western Pacific in these two models tend to be locally initiated, rather than associated with the eastward propagation signals from the Indian Ocean as in the observations. Note that significant improvement in simulating the eastward propagation by including air-sea coupling is again clearly evident in simulations based on the CNRM model, also slightly more realistic eastward propagation is evident in SPCAM3 than that in SPCCSM3.
In order to objectively quantify model skill in capturing the eastward propagation associated with the MJO, pattern correlations are calculated on a time-longitude domain of 60°E-180°and day À20 to day 20 between simulated rainfall evolution patterns and the observed counterpart as shown in Figures 
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Pacific-based regression pattern, are averaged to obtain the final skill score in representing the eastward propagation, which is displayed in Figure 5 . Among the 27 total simulations, eight models (denoted by red squares), including CNRM-CM, ECHAM5-SIT, GISS-E2, MRI-AGCM3, PNU-CFS, SPCAM3, SPCCSM3, and TAMU-CAM4, exhibit superior skill in simulating the eastward propagation with pattern correlations exceeding 0.8. We then identified these eight GCMs as good MJO models and seven GCMs with the lowest pattern correlation skill (blue squares in Figure 5 ) as poor MJO models, roughly representing the top 25% and bottom 25% models. The reason that eight GCMs are selected for the good group while seven for the poor one is partially due to the consideration that the MJO skill in the two superparameterized runs (SPCCSM3 and SPCAM3) is very similar; also, many diabatic fields including temperature and moisture tendency terms were not archived from both of these two superparameterized runs. Differences in vertical structure of the MJO between the good and poor MJO model groups will be characterized based on composite analyses in section 5.
Another widely used approach to quantify the model MJO skill is based on the space-time power spectral analysis of rainfall or other convection related variables over an equatorial belt [Takayabu, 1994; Wheeler and Kiladis, 1999; Kim et al., 2009] . The ratio of spectral power for the eastward to westward propagation component (E/W ratio hereafter) on MJO time and space scales has been shown to be a useful indicator to measure the eastward propagation associated with the MJO [Kim et al., 2009] . In previous studies, in order to calculate the E/W ratio, the space-time power spectrum analysis (hereafter W-K analysis after the approach by Wheeler and Kiladis [1999] ) was applied to the global tropical region. In this study, however, we confined the W-K analysis of rainfall from both TRMM and GCM simulations to the Indo-Pacific region from 60°E to the dateline along an equatorial belt. The rainfall data beyond this longitude band were linearly reduced to zero with a transition zone of 20°longitude on both sides. While the MJO skill in these models derived by the E/W ratio based on a global or regional W-K analysis is largely consistent with a correlation of 0.92, one advantage of employing this regional W-K analysis is to provide a more coherent link between the activity of the MJO and CCEWs over the Indo-Pacific in a GCM. Based on a global W-K analysis, the MJO activity could be disconnected from activity of CCEWs. For example, while the maximum MJO variances appear over the Indo-Pacific sector, maximum variances in a global W-K plot for the equatorial Kelvin waves could reflect an activity center over the Atlantic and Africa [e.g., Kiladis et al., 2009; Guo et al., 2014] . [2006] . Also note that the observed spectral variances in both the MJO and EK waves are realistically captured in several good MJO models, including ECHAM5-SIT, GISS-E2, SPCAM3, and SPCCSM3. The EK waves are rather weak in TAMU-CAM4 and exhibit much slower propagation speed in CNRM-CM and MRI-AGCM3. Particularly noteworthy is that variances of the EK waves are generally weak in the seven previously defined poor MJO models (labeled by blue squares). A more detailed analysis on the relationship between the CCEWs and the MJO based on these GCM simulations was reported by Guo et al. [2015] , which indicates that high-frequency CCEWs may play a role for realistic simulations of the MJO in a GCM. The improvement of MJO variances by the air-sea interaction in the CNRM-CM model is again clearly evident in Figure 6 . It is also of interest that the phase speed of the EK waves tends to be slowed down in CNRM-CM and CNRM-ACM compared to that in CNRM-AM, suggesting possible impacts by changes in both the SST distribution and associated circulation on EK wave activity.
The E/W ratio is then calculated based on the W-K diagrams in Figure 6 on a space-frequency domain of zonal wave numbers 1-3 and periods of 30-60 days. The measures of the MJO eastward propagation based on the E/W ratio for TRMM observations and GCM simulations are displayed in Figure 7 along with the skill scores previously derived by the pattern correlation of rainfall Hovmöller diagram. A highly significant correlation of about 0.8 is found between these two measures of MJO skill. The previously defined eight stronger MJO models (denoted by red dots in Figure 7 ) also show larger E/W ratios in general. This lends us further confidence to use these objectively defined MJO skill measurements for diagnoses of process-oriented metrics as described in the following, to understand key processes for good MJO simulations in GCMs.
Before we go into detailed process-oriented diagnoses of plausible key processes for realistic MJO simulations in next section, we first examine how model MJO performance is related to its skill in simulating the winter mean rainfall climate as shown in Figures 1 and 2 . Table 2 illustrates correlation coefficients between model MJO skill score as represented by both the pattern correlation of rainfall Hovmöller diagram and the E/W ratio, and the model winter mean rainfall pattern correlation skill, mean rainfall amplitude, 20-100 day rainfall SD pattern correlation skill, and 20-100 day rainfall SD amplitude over the Indo-Pacific (60°E-180;15°S-15°N). The result suggests that there is no significant correlation in Figure 7 . Scatterplot between two measures of MJO skill scores in multimodel simulations, i.e., based on pattern correlation of rainfall Hovmöller diagram (y axis) and E/W ratio (x axis). Red and blue dots represent GCMs with good and poor MJO as defined in Figure 5 , and the star mark represents the observations. The line denotes linear fit by least squares means. The correlation coefficient is also displayed. general between the model MJO fidelity and its skill in simulating the winter mean rainfall climate. In particular, the 20-100 day rainfall SD amplitude over the Indo-Pacific region, which is often used to represent the amplitude of the ISV, exhibits a very weak correlation with the model MJO skill scores.
Process-Oriented Metrics for the MJO
Convective Versus Grid-Scale Precipitation
Previous observational studies suggested that stratiform rainfall plays an important role in producing a top-heavy heating structure [Houze, 1982; Schumacher and Houze, 2003; . A top-heavy latent heating profile in climate models, usually associated with large-scale or grid-scale precipitation in analogy to the observed stratiform rain component, is found to be critical for realistic simulations of the MJO [Fu and Wang, 2009; Seo and Wang, 2010] . A stratiform rain partition ratio of about 40% of total rainfall amount was reported based on TRMM estimates [ Figure 5 ) are used for these diagnoses.
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Winter mean rainfall was calculated based on the daily averaged rainfall data from November to April. Partition ratios by large-scale rainfall in the mean rainfall in a model are derived on each model grid and then averaged over the Indo-Pacific domain (60°E-180°; 15°S-15°N). The results suggest that there is rather weak correlation (0.11) between the E/W ratio and winter mean large-scale rainfall partition percentage in the model.
The role of convective versus large-scale rainfall for the MJO is further depicted in Figure 8 , in which total rain anomalies associated with the MJO were decomposed into convective and large-scale components based on five of the eight strong MJO models (there is no decomposition of the total rainfall in the two superparameterized models; also these data were not archived in PNU-CFS). The Hovmöller diagrams shown in Figure 8 for each model were derived based on the same lag-regression approach as in Figure 3 against rainfall over the Indian Ocean. Comparable contributions from convective and large-scale parts to the total MJO rainfall anomalies are noted in three of these five GCMs (GISS-E2, MRI-AGCM3, and TAMU-CAM4). The amplitude of large-scale rainfall is slightly stronger in GISS-E2 and MRI-AGCM3, while convective rain is slightly stronger in TAMU-CAM4. In contrast, in the other two GCMs, i.e., CNRM-CM and ECHAM5-SIT, convective rainfall dominates over large-scale rain in the total MJO rainfall anomalies. This result agrees with the weak correlations between MJO skill score and large-scale rainfall percentage ratio in total winter mean rainfall, indicating that the role of large-scale rainfall ratio may not be directly related to MJO performance in a GCM.
Low-Level Mean Zonal Wind
Previous studies have suggested that winter mean low-level zonal wind over the Indo-Pacific, where the prevailing winds are westerly along the equator (Figure 9a 
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mean flow is necessary to produce the correct sign of anomalous surface heat fluxes. It is also considered to be an important factor responsible for the eastward propagation of the MJO through eastward advection of anomalous moisture Sobel and Maloney, 2013] . A significant relationship between winter mean low-level wind and MJO skill, however, was not clearly evident in GCM simulations analyzed in Kim et al. [2009] . Analyses by Benedict et al. [2013] also illustrated that the quality of simulated zonal mean wind in GCMs tends to be degraded when the MJO simulations are improved. The dilemma in simulating the mean state and MJO was further discussed by Kim et al. [2011 Kim et al. [ , 2012 .
In this part, we further examine the relationship between seasonal mean low-level zonal wind and MJO skill. A scatterplot of 850 hPa winter mean u-wind averaged over the Indo-Pacific warm pool (60°E-150°E; 5°S-5°N) versus the MJO skill score by the E/W ratio based on the 27 GCM simulations and reanalysis is illustrated in Figure 9b . A rather weak correlation of À0.03 between the mean 850 hPa u-wind and MJO skill is obtained. In contrast to the observed mean westerly zonal wind (denoted by the "star" mark), two strong MJO models are noted with very weak mean zonal winds, while another strong MJO model exhibits easterly wind along the equator. Additional calculation of correlation between model winter mean 850 hPa u-wind pattern skill over 60°E-180 and 15°S-15°N, and the E/W ratio across the 27 model simulations suggests an insignificant coefficient of 0.18. This result agrees with previous results by Benedict et al. [2013] and Kim et al. [2009] and indicates that factors other than a realistic mean low-level zonal wind could be critical for a realistic simulation of the MJO.
Vertical Relative Humidity Profiles
Motivated by observational and modeling evidence on the high sensitivity of moist convection to environmental relative humidity (RH) as previously discussed in section 1, there have been several recent studies to examine the saturation fraction or vertical RH profile as a function of rain rate [Thayer-Calder and Randall, 2009; Zhu et al., 2009; Kim et al., 2009; Del Genio et al., 2012] and apply these diagnostics to qualitatively distinguish better MJO models from worse ones. Based on a composite analysis of Indian Ocean RH (60-90°E; 10S-10°N), Kim et al. [2014b] showed that the difference in lower tropospheric RH (850-700 hPa) between the top 10% and bottom 20% of precipitation events is highly related to model MJO skill based on the CMIP3 and CMIP5 models. A strong relationship between the spread in low-level RH between the top tier and bottom tier of precipitation events and model performance in representing the boreal summer ISV over the eastern Pacific was also noticed based on eight AGCM simulations , in accord with the contention that models producing stronger convective moisture sensitivity tend to produce a stronger MJO.
Inspired by these previous studies, we further test such a diagnostic in this section. First, composite vertical profiles of RH as a function of rainfall over 60°E-180 and 15°S-15°N during the winter season are derived based on daily RH and rainfall data from observations and each model simulation. Figure 10a portrays the composite RH profile based on the observations, in which the ERA-Interim RH and TRMM rainfall were used. Then, the difference in the 500-850 hPa mass-weighted RH between the top 5% and bottom 10% rainfall events in each model simulation versus the E/W ratio in the corresponding model is shown in the scatterplot of Figure 10b . A statistically significant correlation of 0.45 is obtained between the low-level RH difference in strong and weak rain events and the model MJO score, suggesting that simulation of the MJO could be improved if convective sensitivity to column moisture is increased in the model as proposed in previous studies. Further inspection of Figure 10b , however, suggests that other factors, in addition to the low-level RH difference, could also play a role for a realistic simulation of the MJO in a GCM as most of the participating GCMs, including both good and poor MJO models, show a low-level RH difference between 40% and 50%.
Convective Versus Radiative Heating
Reduced column radiative cooling (anomalous radiative heating effect) due to cloudiness and increased moisture associated with enhanced MJO convection Jiang et al., 2011; Ma and Kuang, 2011] could act as an energy source to destabilize the MJO convection [Raymond, 2001; Sobel and Gildor, 2003; Stephens et al., 2004; Bony and Emanuel, 2005] . An enhancement factor of radiative heating (Q R ) for the MJO, as defined by a ratio between the column-integrated Q R and convective heating [Lee et al., 2001; , was found to be as large as 40% over the Indian Ocean based on TRMM estimates . An enhancement factor of 20% was also noted associated with the two strong MJO events during the recent Dynamics of the Madden-Julian oscillation field campaign . The critical role of Q R for the growth of MJO convection with an enhancement factor of 26% was also illustrated in a cloud-resolving model
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simulation [Andersen and Kuang, 2012] . Particularly interesting is that the MJO tends to be greatly damped when the feedback from Q R was switched off in that model. Several other modeling studies [e.g., Slingo and Madden, 1991; Lee et al., 2001; Lau et al., 2005] , however, suggested weakening of the MJO amplitude by enhanced cloud-radiation feedback, possibly due to the bottom-heavy vertical Q R structure associated with the enhanced MJO convection which tends to suppress deep convection [Lin et al., 2007; Ma and Kuang, 2011] .
In this section, we explore how the ratio between the Q R and total latent heating associated with enhanced model convection over the Indian Ocean is related to the MJO skill. The estimate of the enhancement ratio is based on regressed 3-D patterns of Q R (sum of longwave and shortwave radiation) and latent heating (LH; including convective and stratiform heating, plus shallow and PBL heating if available) against 20-100 day band-pass-filtered rainfall over the Indian Ocean box (75°-85°E; 5°S-5°N) during the winter period of 20 years. The ratio between the 1000-100 hPa vertically integrated Q R and LH over the Indian Ocean in each model is then calculated based on the regressed patterns. The result indicates a negative but insignificant correlation (À0.19) between the enhancement ratio and MJO skill score by the E/W ratio across multimodel simulations (figure not shown), suggesting that the enhancement ratio by Q R itself is not a good indicator for the MJO skill in a model. This will be further discussed later.
Gross Moist Stability
Motivated by recent development in applying the GMS for MJO studies, we further explore how seasonal mean GMS in a GCM is related to its MJO skill. The GMS used in this study was defined following and Benedict et al. [2014] , in which specific moist entropy (s) was used as the variable that is conserved under moist adiabatic processes, and moisture convergence as a measure of convective intensity. The vertical (Γ V ) and horizontal (Γ H ) components of GMS are represented as follows: [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Note that the rain rate on x axis is plotted on a log 10 scale; (b) MJO skill score (E/W ratio) versus 500-850 hPa mass-weighted relative humidity difference between the top 5% and bottom 10% of daily rainfall events in observations (star mark) and GCM simulations (dots; red and blue for good and poor MJO GCMs, respectively). The correlation and least squares regression line are also shown.
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where the brackets represent a mass-weighted vertical integral from 1000 hPa to 100 hPa, v → is the horizontal vector winds, T R is the reference temperature of 273.15 K, ω the vertical pressure velocity, L is the latent heat of vaporization (2.5 × 10 6 J Kg À1 ), and r is the water vapor mixing ratio.
Following Benedict et al. [2014] , before calculating the daily horizontal and vertical components, as well as the total GMS with the above 2.5°× 2.5°d aily averaged variables, the numerator and denominator are smoothed with a 7.5°× 7.5°s liding box spatial smoother, and land points are omitted from the calculation. Additionally, to avoid division by zero, daily GMS values over grid points, where the denominator has an absolute value less than 5 W m
À2
, are set to be missing and are excluded from the calculation for winter mean GMS values. For further details on the computation of GMS, readers are referred to Benedict et al. [2014] . Figure 11 illustrates winter mean horizontal, vertical, and total GMS averaged over 60-150°E, 15°S-15°N based on each model simulation versus the model MJO skill represented by the E/W ratio. A statistically significant negative correlation (À0.36) between the model MJO skill and winter mean vertical GMS over the IndoPacific is evident (Figure 11a ), which is in accord with previous analyses of GMS for the MJO Hannah and Maloney, 2011; Benedict et al., 2014] and boreal summer ISV over the eastern Pacific . This result tends to support the argument that lower vertical GMS helps to maintain moisture anomalies that support intraseasonal convection. In contrast to previous studies that suggested the horizontal GMS largely compensates the vertical component and exhibits a significant positive correlation to the model MJO/ISV skill, Figure 11b suggests a rather weak correlation between the horizontal GMS and model MJO skill. A stronger negative correlation (À0.46) between the total GMS and MJO skill is discerned in Figure 11c , which also behaves differently than reported in Maloney et al. [2014] , where total GMS is not significantly correlated to the model ISV skill due to near cancelation of the horizontal and vertical components. While analysis of GMS based on GCMs analyzed in this study tends to support previous studies that a smaller GMS could be conducive for the MJO development, Figure 11c also indicates that the GMS is not able to exclusively explain the MJO skill in some GCMs, for example, a majority of GCMs including both good and poor MJO models exhibit GMS values between 0.1 and 0.3.
Note that based on previous theoretical studies on the MJO mechanism [e.g., Sobel and Maloney, 2013] , a negative GMS, or effective GMS which includes cloud-radiative feedback, is necessary to destabilize an intraseasonal mode. Whether this unstable intraseasonal mode is able to be organized into an MJO-like system, however, is regulated by other factors that are still not well understood. As shown in Table 2 , the winter ISV amplitude over the Indo-Pacific region is very weakly correlated to the MJO skill based on these GCM simulations. This notion motivated us to further explore a plausible association between the GMS as well as Q R versus LH ratio and the ISV amplitude in a model as represented by the SD of 20-100 day filtered rainfall during boreal winter over the Indo-Pacific (60°-150°E; 15°S-15°N). The scatterplots for ISV amplitude versus Q R ratio and the total GMS are illustrated in Figure 12 . Intriguingly, the results suggest that both the Q R ratio and the total GMS exhibit significant correlations to the ISV amplitude, with high correlations of À0.64 and À0.45, respectively. While a smaller GMS is conducive for stronger ISV, which is consistent with previous discussions, it indicates that a larger Q R versus LH ratio tends to be associated with weaker ISV amplitude in a model, at odds with the radiative instability theory for the MJO mentioned in section 1. Further investigations are warranted for a better understanding of these results.
Vertical Structure of the MJO in GCMs With Good and Poor MJO
In this section, we further explore essential differences in the vertical structure associated with the MJO in good and poor MJO models, which may further provide insight into key processes responsible for realistic simulations of the MJO in climate models. We focus analyses in this part on the MJO over the Indian Ocean.
First, 3-D structure of u-wind (u), temperature (T), vertical p velocity (ω), total atmospheric diabatic heating (Q), and specific humidity (q) associated with intraseasonal convection over the Indian Ocean in each model is derived based on a regression method. Before calculation of the regression, daily 3-D fields of these variables during the 20 year period are subject to removal of the climatological annual cycle (annual mean plus three leading harmonics). Then lag 0 regression patterns of these anomalous 3-D fields are calculated against the 20-100 day band-pass-filtered rainfall averaged over the eastern equatorial Indian Ocean (75-85°E; 5°S-5°N) during the 20 winters. Different from the derivation of lag-regression rainfall patterns in section 3, the amplitudes of 3-D regression patterns here are determined by fixed 3 mm d À1 of rainfall across the models, rather than 1 SD of rainfall over the Indian Ocean box applied in section 3. The reason for conducting regression patterns in this way is to focus on the vertical structure of these variables in model simulations rather than their amplitudes. Composite 3-D fields of these above variables can be further calculated for the two groups of GCMs, i.e., good versus poor MJO models as identified in Figure 5 . To facilitate a benchmark for model simulations, corresponding 3-D structures of ERA-Interim u, T, ω, Q, and q corresponding to 3 mm d À1 of TRMM rainfall are also obtained for the period of 1998-2012 by using a similar regression approach. Note that total diabatic heating based on ERA-Interim was derived by applying a residual budget analysis approach based on the temperature equation [Yanai et al., 1973; Jiang et al., 2009] . Figure 12 . Amplitude of the ISV as denoted by SD of rainfall over the Indo-Pacific warm pool during boreal winter versus the (a) ratio of radiative to latent heating (%); (b) total GMS averaged on oceanic grid points over the domain of 60°-150°E and 15°S-15°N as in Figure 11c . Red and blue dots represent good and poor MJO models. The correlation coefficients and least squares regression lines are also shown.
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A baroclinic structure is discerned in anomalous u-wind with low-level westerlies (easterlies) to the west (east) of the convection center and a reversed sign at upper levels. Also evident is a top-heavy structure in positive T, upward motion, and diabatic heating structure, as well as an eastward shift of positive moisture, heating, and upward motion in the PBL relative to the convection center, signaling the preconditioning process for the eastward propagation of MJO convection. These prominent features in the observed vertical MJO structure are well represented in good MJO models. In stark contrast, very different vertical structures are noted in the composites for poor MJO models. The baroclinic structure in u-wind, particularly the upper tropospheric circulation, is not well organized in these models. Meanwhile, the second baroclinic mode in T with positive anomalies in upper troposphere is also not clearly defined. Previous studies suggested that positive covariance in high-order vertical baroclinic modes between anomalous T and ω, and T and Q, could be critical for growth of MJO convection through generation of EAPE and conversion to eddy kinetic energy [Fu and Wang, 2009; Zhou et al., 2012] . Also, the westward vertical tilt with height in anomalous ω, Q, and q fields, which is clearly evident in ERA-Interim and good MJO model simulations, is not as apparent in poor MJO model simulations. Instead, a strictly vertical structure is seen in ω and Q. Additionally, a narrower longitudinal extension in upward motion and heating corresponding to the enhanced convection is noted in poor MJO models compared to their counterparts in reanalysis and good model simulations.
Details of how the improved representation in vertical profiles of these above variables is related to MJO performance are further explored in Figure 14 . Model skill in simulating the vertical structure associated with the MJO is assessed by conducting pattern correlations of longitude-pressure profiles of u, T, ω, Q, and q shown in Figure 13 over a domain of 30°-150°E and 1000-100 hPa between each model simulation and the observations. The results are displayed in scatterplots in Figure 14 on the x axis along with corresponding MJO skill score on the y axis in Figures 14a-14e , respectively. A scatterplot between averaged skill for vertical structure of these five variables and MJO skill in a model is also plotted in Figure 14f . Good (poor) MJO GCMs are denoted by red (blue) dots in each panel. Note that to be consistent with the approach in defining the good and poor MJO models as in Figure 5 , the MJO skill scores based on pattern correlation of rainfall Hovmöller diagrams were also used in this figure. It is clearly evident that model skill in simulating vertical structures associated with the intraseasonal convection in a model is highly related to its MJO performance, particularly for u, ω, and Q, with correlation coefficients surpassing 0.7. All the good MJO GCMs exhibit the highest skill in capturing the vertical structure in all these variables. A correlation between the averaged skill over these five variables and MJO skill score is about 0.8, suggesting that a realistic representation of vertical structures in these dynamical and thermodynamical fields is likely essential for a quality representation of the MJO in the model. One significant deficiency in poor MJO models in capturing the vertical profiles associated with the intraseasonal convection is the lack of vertical tilting structure. As previously discussed, the eastward shift in upward motion, shallow heating, and accumulation of positive moisture anomalies in the PBL to the east of the MJO convection could be critical for the eastward propagation of the MJO. This is also supported by further experiment based on TAMU-CAM4, which confirms that the low-level heating ahead of the MJO convective center is critical for the initial strengthening and eastward migration of the MJO convection in this model [Lappen and Schumacher, 2014] . Therefore, these preconditioning processes missing in the poor MJO models could be the essential reasons for their inability to simulate the MJO. Since this preconditioning process is intimately associated with PBL convergence, examination of horizontal circulation and convergence fields will provide further insight into the model deficiencies. Figure 15 illustrates anomalous rainfall (contours), 925 hPa winds (vectors), and convergence (shaded) derived by regressing onto 3 mm d À1 intraseasonal convection over the Indian Ocean for observations, as well as composites for both good and poor MJO models. In the observations (Figure 15a) , the low-level convergence associated with enhanced convection is clearly evident. A typical Gill-type anomalous circulation [Gill, 1980] is readily discerned with two off-equatorial Rossby wave gyres to the west and equatorial easterlies of the Kelvin wave responses to the east. Local maxima in convergence are discerned over the Maritime Continent near Sumatra and Borneo Islands, in accord with the aforementioned eastward shift of shallow upward motion, heating, and moisture accumulation, again indicating a key preconditioning process for the MJO. The local convergence center to the east of the convection center over the Maritime Continent is well captured in the good MJO models along with realistic Rossby and Kelvin wave responses, although with slightly stronger amplitudes (Figure 15b ). In contrast, in poor MJO model simulations (Figure 15c ), enhanced rainfall as well as low-level convergence is narrowly confined near the convection center over the Indian Ocean. In association with much weaker Kelvin wave responses, the eastward extension of the convergence zone is not clearly evident. In contrast, strong 
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Rossby wave responses to the west of convection are discerned in the poor MJO models. While the physics ascribed to the differences in Rossby and Kelvin wave responses to an intraseasonal convection in good and poor GCMs warrant further investigation, these results suggest that the weakly organized Kelvin wave to the east of convection, and thus the lack of PBL convergence through the Frictional CISK mechanism in the poor MJO models, could be the critical model deficiency leading to low-quality MJO simulations in these models.
Summary and Discussions
While the MJO exerts widespread influences on global weather and climate systems, a lack of understanding of the key processes of the MJO greatly limits our capability to simulate the MJO and the skill of extended-range climate predictions. Given the central role of diabatic heating for the MJO physics and motivated by recent progress in characterizing MJO structures based on the observations, a global model evaluation project on the vertical structure and physical processes of the MJO has been jointly coordinated by the former YOTC (now WGNE) MJO Task Force (MJOTF) and GEWEX Atmospheric System Study (GASS) program. In this study, some details of this project were introduced, and results were reported with a particular emphasis on the climate simulation component of this project.
A series of diagnostic methods have been applied to objectively evaluate MJO skill in multimodel simulations and to explore essential model physics responsible for realistic MJO representation. These include the following: (1) longitude-time lag regressions of precipitation relative to rainfall averaged over Indian Ocean and Western Pacific boxes; (2) the ratio of spectral power for the eastward to westward component (E/W ratio) based on wave number-frequency analysis of rainfall fields; (3) vertical structure of u, T, w, Q, and q based on regressions onto rainfall over an Indian Ocean or western Pacific box; (4) regressed patterns of anomalous rainfall and low-level horizontal divergence and winds; (5) composite vertical structure of relative humidity (RH) as a function of rain rate and the low-level RH difference for top and bottom rainfall events; (6) total summer mean gross moist stability (GMS) as well as its contributions from horizontal and vertical components; and (7) the ratio of radiative heating (Q R ) to latent heating as an enhancement factor of Q R for the MJO.
Analyses show that the MJO continues to represent a great challenge for these latest generation GCMs. The systematic eastward propagation of the MJO is only reasonably well simulated in about eight out of the total 27 GCM simulations. A majority of GCMs only capture a stationary or even westward propagation mode associated with the intraseasonal rainfall variability. Two groups of GCMs, namely, GCMs with good and poor MJO, were then identified based on MJO skill scores, defined by pattern correlations of simulated rainfall Hovmöller diagrams against observations. Composite analyses of longitude-height profiles of several variables along the equator reveal significant differences in vertical structure associated with the MJO between these two GCM groups. In GCMs with good MJO, the observed vertical tilting structure in vertical velocity, diabatic heating, and specific humidity anomalous fields corresponding to enhanced intraseasonal convection is very well captured. In contrast, these observed vertical structures are not simulated in poor MJO models. In particular, no obvious vertical tilt is evident in anomalous vertical velocity, heating, and moisture fields, suggesting that key physics is missing for the MJO preconditioning process in the poor MJO models, albeit it is still arguable whether the vertical tilting structure leads to realistic MJO simulations in good MJO models.
Moreover, composite results in this study suggest large deficiencies in the vertical profiles of u-winds in the poor MJO models (Figure 13 ). The baroclinic structure in the vertical u-wind as clearly evident in the observations is not well captured in poor MJO models, particularly the divergent flow in the upper troposphere. It would be interesting to further explore in the future work whether the misrepresentation of the cumulus momentum transport effect, which has been shown to be important for the MJO based on previous observational and modeling studies [Tung and Yanai, 2002; Majda and Stechmann, 2009; Deng and Wu, 2010; Deng and Wu, 2011; Miyakawa et al., 2012; Zhou et al., 2012; Oh et al., 2015] , is responsible for model deficiencies in simulating the vertical structures of anomalous winds in poor MJO models.
Further examination of lower tropospheric circulation associated with intraseasonal convection illustrates that much weaker Kelvin wave, but stronger Rossby wave, responses are discerned in the poor MJO models compared to both the good MJO models as well as the observations. The weak anomalous Kelvin wave responses in the poor MJO models can lead to the absence of PBL convergence to the east of convection center through the Frictional CISK mechanism [e.g., Wang and Li, 1994; Maloney and Hartmann, 1998 ], which is considered a critical process for the eastward propagation of the MJO. Further investigations are needed to fully understand the differences in low-level planetary-scale wave responses to a fixed intraseasonal convection anomaly between the good and poor MJO GCMs, which could provide useful information on deficiencies in these poor MJO models. It is also of interest to note that activity of synoptic-scale Kelvin waves is also rather damped in most of the poor MJO GCMs as previously discussed (see Figure 6 ), which will be reported in more detail in a separate manuscript [Guo et al., 2015] . Possible links between the planetary-and synoptic-scale Kelvin wave activities also warrant further investigation. There could be scale interactions involved in this link between the planetary-and synoptic-scale Kelvin waves. Another possibility is that the activity of these two different scales of Kelvin waves could be modulated by the same mean state, e.g., through the large-scale vertical wind shear [Zhang and Geller, 1994 lack of the essential preconditioning processes in the poor MJO GCMs might be also related to their deficiencies in depicting a previous cycle of suppressed convection to the east of the present active convection, which was found to play a role for the initiation or eastward propagation of the MJO [Sperber, 2003; Matthews, 2008; Kim et al., 2014a] .
Five process-oriented diagnostics for the MJO were further performed to discriminate key processes responsible for realistic simulations of the MJO in participating GCMs. Three diagnostic metrics, including the large-scale rainfall partition, mean low-level zonal wind, and the Q R versus LH ratio, were found to not be significantly correlated to the MJO skill represented by the eastward versus westward spectral variance ratio across multimodel simulations. For example, based on simulations from five good MJO GCMs, while the amplitudes in convective rainfall are comparable to those of the large-scale rainfall in three GCMs, the total rainfall associated with the MJO is dominated by convective rain in the other two models. Consistent with previous diagnoses [Kim et al., 2014b; Maloney et al., 2014] , our results suggest that the low-level RH difference between the top 5% and the bottom 10% of precipitation events exhibits statistically significant correlations to MJO performance. These results suggest that the model MJO can be improved with increased convection sensitivity to environmental moisture, in accord with many previous modeling studies. Moreover, a statistically significant negative correlation between the winter mean GMS and MJO skill, as suggested by and supported by recent diagnostics Maloney et al., 2014] , is further confirmed by analyses in this study, indicating that models in which convection and associated divergent circulations are less efficient at discharging moisture from the column are better able to sustain a strong MJO. However, both the RH difference between the high-and low-rainfall events and the seasonal mean GMS are not able to exclusively explain the model MJO skill.
It is worth noting that air-sea interaction may play a critical role for a realistic simulation of the MJO, as illustrated by experiments based on the CNRM model. While it is very weakly captured in the CNRM AGCM with specified observed monthly SST and sea ice, the eastward propagation of the MJO is rather realistically represented in a coupled version of this model. A third experiment, based on an AGCM run of the CNRM model but forced by the SST and sea ice from the coupled experiment, also exhibits a weak model MJO, further supporting the role of air-sea interaction for the MJO. Detailed physical processes leading to the significant improvement of MJO simulations due to air-sea interaction in the CNRM GCM need to be further explored. Many modeling studies also suggest great improvement of MJO simulation by including the air-sea interaction in the model [e.g., Sperber et al., 2005; Klingaman and Woolnough, 2014; Tseng et al., 2014] . However, controversial results on the role of air-sea interaction on the MJO simulations have been indicated by previous studies, as also suggested by relatively similar MJO skill based on the two superparameterized runs, i.e., SPCAM3 and SPCCSM3, in this study. By analyzing the moist budget based on three different CAM models, DeMott et al. [2014] concluded that different model physics involved with the changes in surface fluxes by ocean coupling will strongly influence the moistening processes in these models, which can thus lead to model-dependent responses to air-sea coupling in MJO simulations. A comprehensive review on the role of air-sea interaction on the MJO was recently given by C. A. DeMott, et al., (Atmosphere-ocean coupled processes in the Madden-Julian oscillation, submitted to Reviews of Geophysics, 2015).
It is also interesting to note that while the Q R versus LH ratio is not significantly correlated to MJO skill in a model, a highly significant correlation is found between the Q R ratio and the ISV amplitude. When the Q R versus LH ratio (i.e., the cloud-radiation feedback) increases, the ISV amplitude tends to be decreased, which is at odds with the radiative instability theory proposed in several previous studies. While the degraded MJO simulations with the enhancement of cloud-radiative feedback were also reported in several modeling studies, the underlying physics needs to be further explored.
One of the objectives of this project is to explore the possible link between model skill in simulating the intrinsic MJO mode and its practical predictive skill for the MJO in a forecast mode. While this will be discussed in more detail in the two companion papers of this project [Xavier et al., 2015; Klingaman et al., 2015a Klingaman et al., , 2015b , a strong link between them is generally not apparent based on several models which have participated in both the climate simulation and hindcast components of this project. For example, while the two NCAR GCMs, i.e., CAM5 and CAM5-ZM, only show moderate MJO performances in climate simulations as illustrated in Figures 3-6 , these two models are among the top models in term of predictive
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skill for the two MJO events during the YOTC period [Klingaman et al., 2015a] . However, note that model skill for the MJO in climate simulations is mainly evaluated by analyzing rainfall fields in this study; comprehensive evaluation of a model MJO performance will also need to examine circulation and outgoing longwave radiation patterns as suggested by Crueger et al. [2013] . Meanwhile, a more reliable model MJO predictive skill may also need to be evaluated based on a larger sample size of MJO events. More detailed analyses and discussions on the relationship between MJO fidelity in the 20 day hindcasts and 20 year climate simulations are provided by Klingaman et al. [2015b] , which synthesizes the three components of the entire project.
While only results from limited analyses are presented in this study, one of the main purposes of this paper is to motivate further investigations on the key processes for the MJO by fully exploiting the data archive made available through this project, which can be publically accessed through the website: https://earthsystemcog. org/projects/gass-yotc-mip/. Also noteworthy is that in considering the global coverage for many variables archived from model integrations, particularly from models participating in the climate simulation component, these data should not be limited only for tropical studies but are also valuable for studies on subtropical and middle to high-latitude processes.
